INTRODUCTION
Traditionally, the steam reforming of ethanol (ESR: C2H5OH + 3 H2O → 6 H2 + 2 CO2) is an important process in the chemical industry, while more recently it is being employed in fuel cell applications, where it provides an alternative route to obtain renewable hydrogen through the reforming of hydrocarbon oxygenates (eg. bio-ethanol), from sustainable sources such as biomass. [1] [2] Metal supported oxide catalysts have shown significant activity for this reaction. 1, [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] Notably, Ni-oxide based materials have emerged as promising catalysts for the ESR reaction and have been reported to exhibit activity and/or selectivity comparable to that of expensive noble metals such as Rh, Pt and Pd. [16] [17] [18] The behavior of ceria supported nickel nanoparticles is quite different from that of bulk Ni, a system which is very active for CO methanation and undergoes rapid deactivation by coke formation during the steam reforming process. 8, 16, 19 Ni and ceria, when combined in the same catalyst, have the ability to activate both ethanol (C-C and C-H bonds) and H2O (O-H), and selectively extract H2, without the production of CH4 or other C-O byproducts (aldehydes or olefins) provided certain phenomenological factors are maintained. This includes compositional, geometric and morphological effects of keeping Ni loading low, small in size, well dispersed and in good contact with ceria.
Both experimental and DFT calculations results suggest that the small Ni nanoparticles on CeO2(111) are activated, electronically perturbed and can thus influence catalytic chemistry through metal-support interactions. 16, [20] [21] Hydroxyl groups generated from these strong metal-support interactions could play an important role in redox chemistry such as in the water-gas shift (WGS) reaction and for suppressing coke formation with subsequent deactivation. 21 
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We have previously studied Ni and CeOx based systems as powder catalysts and identified them as active for the ESR reaction, and we also adopted strategies for protecting the active Ni centers in solid solutions of the NixCeyOz type. 8, 16 We attributed the sustained activity and good stability to the suppression of sintering under harsh reaction conditions, which leads to the sustained contact between Ni and CeOx and the prevention of coking. Furthermore, previous studies by Duhamel et al. of hydrogenated Ni-ceria powder catalysts proposed that hydroxyls played a key role as interfacial stabilizers and thus aid in keeping the metal and oxide in contact through an active Ni-OH-CeOx phase that significantly improved the catalytic activity and stability. [22] [23] However, no studies have been able to unequivocally confirm this process, and obtain an in situ surface sensitive perspective into the role of hydroxyl groups on the formation of C-intermediates and the removal of coke. We present here the very first instance of the use of ambient pressure photoelectron spectroscopy (AP-XPS) and Infrared Reflection Absorption Spectroscopy (IRRAS) to identify the catalytic chemistry under steady state reaction conditions (40-300 mTorr). We have strived to gain insights into the elementary steps of how water and ethanol reacts, specifically the production of surface hydroxyl and carbon containing intermediates in the reforming process, by the scission of C-C and O-H bonds assisted by interaction between the metal and oxide support.
EXPERIMENTAL SECTION
AP-XPS studies were performed at the Advanced Light Source in Berkeley, CA (beamline 9.3.2). A VG Scienta R4000 HiPP analyzer was used for XPS analysis. 24 The O 1s region was probed with photon energy of 650 eV, and the C 1s, Ni 3p, and Ce 4d 6 regions with photon energy of 490 eV and a resolution of ~0.2 eV. The Ce 4d photoemission lines were used for binding energy calibration based on the 122.8 eV satellite features. 25 AP-IRRAS was performed in a combined UHV/elevated-pressure cell system with a Bruker IFS 66v/S spectrometer. Spectra were collected at a resolution of 4 cm -1 by using a grazing angle. The ethanol source (Pharmco-aaper, ACS/USP grade) was freeze-pumped-thawed in liquid nitrogen to remove gaseous contaminants.
Ce metal was evaporated onto a Ru single crystal (0001) held at 700 K in the presence of 5 × 10 -7 Torr O2, and then annealed to 800 K for 10 mins at the same O2
pressure. 26 The ceria films were estimated to be ca. 4 nm thick (~10 layers of O-Ce-O)
based on the attenuation of the Ru 3d XPS signal with 650 eV incident photo energy, which can eliminate the interference of Ru 3d3/2 (284.0 eV) to the C 1s signal. Ni was vapor deposited on the as-prepared ceria film at 300 K under vacuum and then annealed to 700 K for 1 min. Ni coverage calibration has been described elsewhere previously, 26 and the deposition rate of Ni was estimated to be ~0. 15 28 We will start by unraveling the chemistry of ethanol and H2O at elevated pressures over CeO2(111). changes. This indicates that even at room temperature some reaction occurs between the two reactants, which likely results in formation of a small amount of dioxyethylene species through a partial transition from the mono-dentate methylene carbon (CH3CH2-O-) of ethoxy to bi-dentate dioxy-carbon (CH3CHO2-) of dioxyethylene. [30] [31] In the O 1s region, before adding water, the spectrum can be fitted with the lattice oxygen from ceria at 530.4 eV, O from gas phase ethanol at 534.9 eV and another feature at 532.5 eV. This peak at 532.5 eV can be assigned to the O from ethoxy species as found in ethoxy (CH3CH2O-) and hydroxyl groups (-OH) that form upon binding of deprotonated H to lattice O of ceria due to the dissociative adsorption of ethanol. After adding another 200 mTorr of H2O into the reaction to make a ~5:1 (H2O/EtOH) vapor mixture, deconvolution of the spectrum shows an extra gas phase feature at 536.0 eV for 200 mTorr water vapor. [32] [33] Moreover, the peak intensity of the ceria lattice O is significantly attenuated, which is mainly a result of the increased scattering of photoelectron due to the higher concentration of gas as well as surface adsorbed species between the ceria film and analyzer cone. The catalyst was then heated from 300 to 700 K by 100 K increments in an ambient of 40 mTorr ethanol and 200 mTorr H2O, and the corresponding AP-XPS results for the C 1s, O 1s and Ce 4d regions are shown in Figure 2 . In the C 1s spectra, the predominant ethoxy species at 287.2 eV and 286.1 eV gradually desorb from the surface up to 700 K. Furthermore, two additional features appear as a result of the increasing temperature at 288.2 and 289.8 eV. These two features can be attributed to dioxyethylene (CH3CHO2-) and acetates (C2H3OO-) species, respectively, and they occur as a consequence of the oxidation of ethoxy species. 31, 34 No additional carbon species are evident.
Ethanol reaction on CeO2(111)
In the O 1s region, the most prevalent peak is that of the lattice O at 530.4 eV.
The distinguishable fitting of the gas phase features, for ethanol and water was difficult 10 as these features change in both position and intensity under reaction conditions and temperatures. The changes of the gas phase peak has been observed previously, 35 and it is related to several factors including the changes in concentration of reactants and products, the work function at the near surface of the sample as well as variations of partial pressures of each gas. Therefore, considering the complexity of the gas mixture (reactants and products), we represent the gas phase feature with only one single broad peak. On the other hand, the broad peak at 532.5 eV that was previously assigned to -OH/ethoxy species gradually decreases in intensity from 500 K and shifts to a higher binding energy of 533.0 eV at 600 K. Taking into consideration that other hydrocarbon oxygenate species are present in the C 1s spectrum in addition to ethoxy at higher temperature, this region can have co-existence of species such as O-C-O from dioxyethylene 31 and the carboxylate oxygen (-COO) from acetate species, 34 that also appear in a similar region ~533.0 eV. The formation of these species is herein attributed to the further oxidation of ethoxy species. Furthermore, a new feature centered at 531.8 eV appears at 600 K and dominates at 700 K while the lattice oxygen appears considerably attenuated. Since most of the carbon species have desorbed by this temperature based on the C 1s spectrum, the peak at 531.8 eV cannot be assigned to any C-containing species. As will be discussed below, we tentatively assign this peak to the Ce(III) hydroxide (Ce 3+ (OH)x) formed in the hydroxyl-rich background.
By looking at the Ce 4d region in figure 2 , the relative degree of reduction of the CeO2 to Ce2O3 is 0.3~0.8 eV. 25, 37 In our case, we observe a 1.4 eV shift from the lattice oxygen of CeO2, a position that is in the range of reported hydroxide compounds. [38] [39] Furthermore, in our previous study of the ceria film surface with the same extent of reduction (~40%), 26 no feature at 531.8 eV other than slight broadening of the lattice oxygen peak was evident. Thus, the assignment of this peak to Ce2O3 can be ruled out, and it is most likely Ce 3+ (OH)x hydroxide that forms by hydroxylation of surface and subsurface layers of the film during the exposition of the highly reduced ceria surface to the 240 mTorr ethanol/water environment.
In the results discussed above, no evidence of C-C bond scission was observed, indicating that ceria alone is not likely to perform the most essential step in catalytically activating the ESR reaction, which is consistent with previous studies on both model and powder systems. 8, 26 However, ethanol does react with ceria to produce hydrocarbon oxygenates such as acetaldehyde, and ceria can be strongly reduced by ethanol to give rise to Ce 3+ and its associated O vacancies. The creation of Ce 3+ and O vacancies will in turn dissociate H2O to -OH groups and even give rise to the formation of ceria hydroxide compounds. Furthermore, it is worth noting that despite the 1:5 ratio in favor a strongly oxidizing reactant mixture, the role of ethanol as a strong reducing agent is far greater than the oxidizing strength of water. Ce 4d spectra with/without Ni deposition is also compared in figure 3c. In contrast with the bare ceria film, the ~90% reduction of the Ni-CeO2(111) film demonstrates that the top few layers of the catalyst are almost completely reduced to Ce 3+ under the steam reforming conditions. This reduction is likely due to several effects, including the ability of Ni and ceria to dissociate H2O, the strong interaction between Ni and ceria, and a possible strain in the ceria due to doping with Ni, which can make oxide lattice favor the formation of Ce 3+ and O vacancies. 16, 21 For the surface species evolution, figure 4 depicts the C 1s/O 1s AP-XPS results for the heated surface. In the C 1s spectra, starting from 300 K, a small amount of acetate (289.8 eV) as well as dioxyethylene species (288.2 eV) are formed along with the ethoxy species (287.2 eV and 286.1 eV), which matches the results from the bare ceria film.
However, the difference in ethanol reaction between Ni-CeO2(111) and the CeO2 (111) film becomes apparent when heating up to 700 K. A peak at 290.3 eV indicative of carbonate groups is observed, revealing that the C-C bond cleavage has occurred along with further oxidation to carbonates (-CO3 2- ). [41] [42] [43] [44] The formation of carbonates was not seen in our previous UHV study of ethanol adsorption on Ni-CeO2(111) likely due to the low pressure of ethanol/water, not sufficient oxidative environment to give rise to the complete oxidation from hydrocarbon to carbonate (CO3
2-
). Similarly, in the O 1s region, peaks can be clearly seen for lattice O of ceria (530.4 eV) and gas phase mixture of water/ethanol (535.9 eV) at 300 K. Analogous to the reaction on the bare ceria film and considering the complexity of having multiple surface species, a broad peak (fwhm=2.1 eV) centered at 532.5 eV can be identified, representing a combination of surface hydroxyl and hydrocarbon oxygenate related species (eg. surface ethoxy, dioxyethylene and acetate, etc.). Upon heating to 700 K, this peak attenuates and shifts to 533.2 eV, as a result of the development of surface hydroxyl/ethoxy to more oxidative species.
Moreover, the lattice oxygen peak of CeO2 appears attenuated and has nearly vanished by 700 K, while a peak at 531.8 eV, similar to the one observed on bare ceria film, emerges at 500 K and finally dominates at 700 K. This again suggests the formation of a hydroxide compound. Recalling that a heavy reduction of the top layers of Ni-CeO2 (111) film occurred as shown in figure 3c , one can conclude that the extent of hydroxylation 15 and concentration of ceria hydroxide layers is much more significant compared to the bare ceria, as practically all the lattice O signal from the CeO2(111) film has been covered. Additionally, we have attempted to ascertain the extent of the surface hydroxide formation by XPS depth profiling of this surface (see figure S1 ). The oxygen species from multiple layers of CeO2 (111) Upon an increase of the temperature up to 700 K, the nearly disappearance of CHx stretching bands region at ~2900 cm -1 suggests the dehydrogenation of CHx surface species to produce hydrogen, while a broad hump centered at 1450 cm -1 is attributed to the small amount of carbonate species, as also observed in the 700 K C 1s spectrum in figure 4 . 47 Compared with previous Diffuse Reflectance Infrared Fourier Transform Spectroscopy (DRIFTS) study of powder Ni-CeO2, 8 the formation of acetates species at room temperature and its subsequent transformation to carbonates species at higher temperature are evident in both cases, but the all the features on the powder system are more pronounced and could be retained at higher temperature, probably due to the multiple crystal facets of powder ceria affect the adsorption/desorption selectivity. In addition, a small peak at 2680 cm -1 corresponding to the ν(OD) derived from the dissociation of D2O, is resolved at 700 K. 48 Correlating this with the Ce(OH)x demonstrated in the AP-XPS results above, the observation of hydroxyls (-OD) verifies the participation of water in the formation of ceria hydroxides while water can be the hydroxyl feed stock for the reforming reaction.
Thus, combining data of ambient pressure XPS and IRRAS, it is clear that NiCeO2(111) is active for ethanol steam reforming at ~700 K compared with the bare ceria film surfaces. Also note that Ni nanoparticles are present as metallic Ni 0 , on the highly reduced and hydroxylated ceria surface, indicating that the active phase for ethanol steam 18 reforming includes both metallic Ni and Ce 3+ (OH)x. Nevertheless, how these two components correlate with each other and their roles in the steam reforming reaction under steady state conditions is not obvious. Therefore, we performed additional experiments, initially exposing the surface to ethanol and then sequentially adding water at 700 K, while the catalyst is at its most active state, as will be discussed below. On a freshly prepared surface with similar coverage of Ni (ΘNi ≈ 0.12 ML), the sample was stepwise heated in the presence of 40 mTorr of ethanol. As observed previously, the surface was drastically reduced from 600 K onwards, and metallic Ni was formed (see figure S2 ). The corresponding O 1s/C 1s spectra are shown in figure 6 . The most important difference with respect to the ethanol steam reforming reaction in figure 4 are the C 1s spectra above 600 K. In the absence of water, the reaction gave rise to a very to the formation of nickel carbide species (Ni3C/NixC). 26, 49 Nickel carbides species were similarly observed in our previous study of both power and model Ni-CeO2 systems. 8, 26 It is also reported as a precursor for the growth of graphene on nickel. [50] [51] Nickel carbides are metastable and will further decompose into metallic Ni and surface carbon (coke) by 733 K. 52 Herein, a more prominent surface carbon feature at 284.8 eV formed at 700 K as evident in the C 1s spectra, which confirms the importance of metallic nickel, as the active agent responsible for C-C and C-H bond breaking in the decomposition of ethoxy related intermediates. Moreover, this experiment reveals that metallic nickel is also responsible for the surface carbon accumulation and that it can drive the reaction to an unselective reaction pathway in an ethanol rich reactant stream. The chemistry of water and OH formation in the ESR reaction, appears to be pivotal, and may lead to the protection of the active sites and mitigate deactivation. 1 To gain further insights into the effect of water and its associated hydroxyl groups on the reaction in an in situ manner, we sequentially introduced 200 mTorr of water into the ethanol ambient while the surface was kept at 700 K, as shown in figure 7 . In the C 1s spectra, the instant decrease of the intensity of the surface carbon peak at 284.8 eV upon 20 the introduction of water is evident, whereas the intensity of the carbon oxygenates related peaks (288.0 eV-289.0 eV) increased, clearly demonstrating the oxidation process through the complete dissociation of H2O and incorporation of O. This is also evident in the O 1s region as the enlarged peak at 533.2 eV for carbonate/carboxylates species after addition of water, indicating the re-oxidation of the surface carbon species.
This result reveals that water and its associated hydroxyl groups play a vital role in assisting the removal of surface carbon. Intuitively based on this, the H2 liberated from each molecule of water associated with the oxidation is also potentially a major contributor towards the yield of H2 in the overall mass balance of the reaction.
Previous studies have identified that the formation of hydroxyl groups is favored on reduced ceria, 28 and these hydroxyl groups are likely to impart a strong interaction with the oxide supported metal particles. 53 Additionally, Ni/Ni 2+ on the CeOx (111) substrate can also readily dissociate water to form hydroxyls on the surface.
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and ceria after depositing very small amount of Ni (ΘNi < 0.15 ML) could further facilitate this oxygen transfer. 16, 21 Therefore, the possible mechanistic pathway on NiCeria could be interpreted as: On the other hand, the reappearance of nickel carbide species (Ni3C/NixC) after introducing water in the C 1s spectra of figure 7 points at a possible re-oxidation pathway of surface carbon through a strong interaction with Ni:
OH(ad) + xNi 0 + coke → HO-NixC → xNi 0 + CO/CO2 + H(ad) 22 Thus, under steady state reaction conditions, it is likely that two competing processes will take place on the surface: 1. the accumulation of coke due to C-C/C-H bond cleavage by metallic Ni and 2. the re-oxidation of surface carbon by hydroxyls provided by the interaction between water and ceria in the form of Ce 3+ (OH)x. More importantly, the redox property of the oxides as well as the synergistic interplay between ceria and low loading of Ni are crucial in order to sustain the stability and selectivity of the reaction by facilitating the oxygen transfer from water to ceria and then to surface carbon on nickel nanoparticles. 
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